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The mechanisms underlying cardiac standstill in health
and disease are considered. Ventricular standstill results
from failure of impulse formation or transmission in the
ventricles. In the healthy heart, idioventricular auto-
maticity is not brought into play and instead is sup-
pressed by the sinus node by virtue of its faster rate
(overdrive suppression). However, should the sinus node
activity be suppressed or atrioventricular (AV) conduc-
tion blocked, overdrive suppression no longer persists.
For this reason, the ventricular pacemakers activate the
ventricles at a slowrate and under the regulatory activity
of the sympathetic system. In the diseased heart, the
idioventricular pacemakers or the regulatory mecha-
nism can be altered structurally or functionally. This
can be the result of the disease, compensatory mecha-
Cardiac arrest is often defined by its consequences (a ces-
sation of the cardiac pump action) rather than by the un-
derlying mechanisms. The mechanisms, however, can be
quite different: cardiac output decreases to zero in both
ventricular standstill and ventricular fibrillation. In ventric-
ular standstill, the failure is usually in the lack of impulse
formation (a failure of automatic discharge). In ventricular
fibrillation, the failure is in the lack of coordinated (and
therefore of effective) contractions, but the ventricular cells
are activated much more frequently than under normal
conditions.
Although the two conditions are markedly different, still
there may be reciprocal influences. The automaticity of ven-
tricular pacemakers is likely to be suppressed during ven-
tricular fibrillation (due to overdrive suppression, see fol-
lowing), but because the activation of the cells is bound to
be due to microreentry, it matters little whether automatic
discharge is suppressed. Still, such a suppression could be
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nisms or therapeutic interventions. Disease may affect
the idioventricular pacemakers directly or indirectly
through anoxia, a change in ionic environment or an
alteration of sympathetic innervation. Compensatory
mechanisms may affect reflex actions, blood supply or
heart rate. Drug administration may alter autonomic
balance, block the action of neuromediators on their
receptors or modify diastolic depolarization or its ability
to attain the threshold. Because of these different direct
and indirect actions, a sudden cessation of sinus node
activity or sudden AV block may result in the diseased
heart in a prolonged and even fatal cardiac standstill,
especially if the tolerance to ischemia of other organs
(notably the brain) is decreased.
(J Am Coli CardioI1985;5:35B-42B)
responsible for cardiac standstill after a bout of ventricular
fibrillation. On the other hand, certain cases of ventricular
standstill might be followed by ventricular fibrillation. This
possibility is suggested by the fact that ventricular standstill
and the accompanying cessation of coronary circulation cre-
ate the conditions (anoxia, ischemia, ionic and pH shifts,
for instance) that predispose to the onset of fibrillation,
should the activity of the ventricles be resumed.
In this presentation, the possible mechanisms responsible
for cardiac standstill will be discussed. The emphasis will
be on the normal automatic process, its regulatory factors
and the possible alterations of these properties leading to
cardiac standstill under abnormal conditions. It should be
pointed out that cardiac standstill can occur under a variety
of conditions (including coronary artery disease [1-4]) and
it may be the result of different factors that suppress spon-
taneous activity by different mechanisms. Therefore, it is
necessary to review the processes responsible for automatic
discharge and its regulation because any link in the chain
of events leading to impulse formation may be affected by
disease.
Automaticity
As in other tissues, the cardiac cells undergo an action
potential when the threshold potential is attained. Under
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Figure 1. Current flowing during voltage clamp of diastolic de-
polarization in a spontaneously active Purkinje fiber. Two spon-
taneous action potentials are shown in the upper left corner. The
area enclosed in the rectangle is magnified in the rest of the figure.
The magnified traces show the current record (thick horizontal
line) and the voltage record. The voltage record begins with the
late repolarizationfollowed by diastolic depolarization. When the
next action potential attained the maximal diastolic potential, the
feedback circuit was closed: an inward current that increased with
time was recorded, whereas the membrane potential remained es-
sentially constant. The vertical bar on the left upper corner is
the current calibration (2 x 10- 8 A). (Reproducedby permission
from Vassalle [8].)
normalconditions, this is accomplished through the process
of diastolic depolarization in the dominant pacemaker cells
of the sinus node and through local currents in all other
cardiac cells. All specialized tissues of the heart (sinus node,
atrioventricular [AV] node and Purkinje fibers) have the
capability to develop pacemaker activity, but under normal
conditions only the sinus node acts as the actual pacemaker,
whereas the function of the other specialized tissues is to
modify the conduction of the sinus impulses. The attainment
of the threshold allows the permeability of the membrane
to certain ions to increase (sodium for the cells exhibiting
a fast upstroke and predominantly calcium for cells with a
slow upstroke) (5,6). As a consequence of the increase in
permeability, the ions move down their electrical gradients
and excitation (and therefore conduction) occurs (7). In tum,
depolarization leads to the opening of other channels that
allow the flow of inward and outward currents. The near
balance of the inward and outward currents during the pla-
teau permits the contractile process to develop and prevents
an early re-excitation of the cells. A normal duration of the
refractory period is important for the electrical homeostasis
of the heart.
VAGAL STIMUL.
Diastolic depolarization is caused by a net inward current
(Fig. 1) in each of the specialized tissues of the heart. This
time-dependent increase in net inward current can be brought
about by a decrease in potassium conductance (8,9) (as a
time-dependent increase in membrane resistance indicates
[8]) or by an increase in sodium influx (10). Either mech-
anism would allow depolarization during diastole. There are
several differences between the pacemaker currents in the
sinus node and Purkinje fibers, including a different voltage
range of activation (6,9).
Control ofAutomaticity: Stimulatory and
Inhibitory Mechanisms
Because the demands of the body on the heart vary in
different situations, there must be mechanisms whereby dif-
ferent aspects of cardiac action (including automaticity) can
be changed suitably. This indicates the necessity of a control
system.
The autonomic nerves. The autonomic nerve system
exerts a powerful although not uniform influence on the
automaticity of dominant and subsidiary pacemaker cells.
The sympathetic system increases the slope of diastolic de-
polarization in all cardiac pacemaker tissues (11,12). The
maximal increase in rate, however, is not uniform. In the
dog, maximal sympathetic stimulation increases the rate of
the sinus node to approximately 180 beats/min, but it in-
creases that of ventricular Purkinje fibers to about 60 beats/min
(and rarely up to 90 beats/min) (13). The sympathetic system
may also suddenly and conspicuously alter the idioventri-
cular rate (13-15), but it must be assumed that the mech-
anism for the sudden and marked acceleration is likely to
be an increase in the slope of diastolic depolarization due
to an oscillatory potential (16,17) superimposed on the nor-
mal pacemaker potential. The acute isolation of the left
stellate ganglion in dogs causes a decrease in idioventricular
rate of about 5 beats/min (13).
The vagus nerve has a powerful inhibitory action on the
atrial pacemakers: acetylcholine increases potassium con-
ductance and leads to a decreased slope of diastolic depo-
larization (11). This decreased diastolic depolarization pre-
vents the attainment of the threshold and quiescence follows.
As far as the idioventricular pacemakers are concerned, in
chronic AV block maximal stimulation of the vagus nerve
slows the idioventricular rhythm very little (Fig. 2) (at most
I I I I : i
Figure 2. Effect of vagal stimulation in the pres-
enceof completeatrioventricularblock. Vagalstim-
ulation was begun at the downward arrow and led
promptly to the suppressionof atrial activity (the P
wavesdisappear) but had minimal influenceon the
idioventricular rhythm. Vagal stimulation was ter-
minated at the upright arrow and atrial activity
promptlyresumed.The two traceswerecontinuous.
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Figure 3. Effect of overdrive on idioventricular automaticity in
the presence of chronic complete AV block. The overdrive lasted
60 s in each case. The traces begin with the control idioventricular
rhythm. The abrupt change in polarity of the QRS complexes
signals the onset of overdrive at the rates indicated next to each
trace. Most of the traces during overdrive were omitted (break in
the traces) . The cessation of overdrive is indicated for all traces
by the arrow at the bottom of the figure and was followed by a
period of ventricular asystole that was longer the faster the drive.
(Reproduced from Vassalleet al. (19) by permission of the Amer-
ican Heart Association, Inc.)
by a few beats , and then only in some animals [18 ,19]) and
atropine also has little effect. Furthermore, bilateral vagot -
omy fails to accelerate the idioventricular rhythm (19), al-
though it doubles the sinus rhythm.
The distribution of the cardiac sympathetic nerves and
of the vagi is not symmetrical in that the nerves from the
right side tend to have a greater effect on the sinus node
and the atria and those from the left side a greater effect on
the AV node and the ventricles.
Overdrive suppression. Despite the small effect of the
vagus nerve on idioventricular pacemakers in complete AV
block, maximal vagal stimulation in animal s with normal
sinus rhythm causes a temporary cardiac standstill . Usually
after a period of asystole, the ventricles are rhythmically
discharged by an idioventricular pacemaker, but the fact
that vagal stimulation initially suppresses the atria as well
as the ventricles indicates that the ventricles are kept under
some form of suppression. This suppression of idioventri-
cular pacemakers is unlikely to be related to a direct vagal
inhib ition because the vagus has little action in the presence
of complete AV block, as already mentioned. The stimu-
lation is likely to be indirect because temporary ventricular
standstill can also be seen in cases of sudden AV block not
caused by vagal stimulation (20) . Spontaneou s sudden AV
block and maximal vagal stimulation have one characteristic
in common, namely, the sudden cessation of conducted
impulses to the ventricles . In other words, it would seem
that the idioventricular pacemakers are kept inhibited as long
as they are driven at a rate higher than the ir own (" overdrive
suppression") (21). If we are dealing with a frequency-
dependent suppression, it should follow that an increase in
rate (however brought about) would be followed by a tem-
porary suppress ion. In fact , overdrive of the ventricles is
followed by suppression (Fig. 3) both in human beings
(22 ,23) and animals with AV block (19,22 ,24) . The same
suppression follows spontaneous fast rhythms and therefore
it should also be present after the sudden cessation of spon-
taneou s or induced arrhythmias (25).
The mechanism of overdrive suppression. This mech-
anism is of interest in that it may contribute to the induction
of cardiac (especially ventricular) standstill . The essential
features of overdrive are that there are more action potentials
per unit of time and diastole is shorter. Because action
potent ials are more numerous, the ionic load (namely, the
sodium and calcium entering the cell in the unit of time ) is
increased . Because at the same time diastole is shorter, there
is less time for the extrusion of sodium and calcium and
their intracellular concentration increases (26, 27) . An in-
crease in intracellular concentration of sod ium stimulates its
extru sion: because the extrusion of sodium is electrogenic
(28,29) it brings about a hyperpolarization that keep s the
diastolic depolarization negative to the threshold (Fig. 4).
Figure 4. Effect of overdrive on membranepoten-
tial of Purkinje fibers. Only the lower part of the
action potential is shown. The trace begins with the
diastolic depolarization of the spontaneous action
potentials. During the period indicated underneath
the trace, the fiber was overdriven at 120beats/min
:;:
>EIfor 2 minutes. The overdrive was followed by a
prolonged period of quiescence due to a marked
decrease in the slope of the late diastolic depolar-
ization and a shift of the threshold toward less neg-
ative values. The resumed activity increased slowly
toward the control value. (Reproduced from Vas-
salle (28) by permissionof the American Heart As-
sociation, Inc.)
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An accumulation of calcium increases the initial slope of
diastolic depolarization but shifts the threshold to less neg-
ative values and contributes to the temporary suppression
of idioventricular activity (30). It follows that if the sodium
pump activity is inhibited, the overdrive suppre ssion is re-
duced or abolished: indeed, during the administration of
cardiac steroids, vagal stimulation results in a progressively
shorter ventricular standstill until there is no longer a period
of asystole (31) (Fig. 5) .
In the normal heart, the ventricular standstill is tempo-
rary for several reasons . During standstill, the influx of
sodium and calcium suddenly decreases (as the fibers are
quiescent), whereas the extrusion of these ions continues,
thus decreasing their intracellular concentration (26,27). As
the concentration of sodium decreases, the outward current
created by its extrusion progressively decreases (29). Also,
a decrease in extracellular potassium (33) and in intracellular
calcium would decrease potassium conductance . The result
is that diastolic depolarization progressively approaches the
threshold and spontaneous activity is eventually resumed .
tricular standstill may be less well tolerated in certain pa-
tients because of simultaneous disease processes present in
other organs, notably the brain.
Damage of the Specialized Tissues
Disease may affect the pacemaker function as in the sick
sinus node syndrome. In this condition, the sinus arrest is
often not terminated by the escape of subsidiary pacemakers
but instead by a resumed sinus beat (32) . Therefore , ces-
sation of sinus node activity may involve complete cardiac
standstill . The implication of the finding is that the structural
damage involves not only the sinus node but subsidiary
pacemakers as well. Similarly, a sudden block of AV con-
duction may not be followed by ventricular escape if the
idioventricular pacemakers are damaged structurally or de-
pressed functionally. Even if the idioventricular pacemakers
do initiate spontaneous discharge , it can be too slow to avoid
a degree of anoxia which may in tum further depress the
spontaneous discharge.
Ventricular Standstill in the Sick Heart
Under abnormal conditions, any of the factors underlying
automatic discharge can be altered, such as diastolic de-
polarization, threshold, ionic permeabilities and currents ,
conduction and different forms of control. These alterations
can be brought about by the disease process , compensatory
mechanisms or therapeutic approaches. Therefore , in the
sick heart the ventricular standstill may become abnormally
prolonged to the point of being fatal. In addition, a ven-
Functional Depression of
Idioventricular Pacemakers
If ventricular automaticity is depressed, excitation of the
vagus nerve will reveal such a depression and under some
special conditions may even contribute to it. The depression
of idioventricular pacemakers can be brought about in dif-
ferent ways .
Ionic influences. The depression of idioventricular
pacemakers can involve several aspects of excitation. One
obvious action is on diastolic depolarization. If the slope of
Figure S. Progressive elimination of
ventricular standstill in the presence of
ouabain . The traces show the electrocar-
diogram (lead I) of a dog before (A) and
during (B, C and D) ouabain infusion . In
each trace , the stimulation of the right
vagus nerve was begun at the upright
arrow and terminated at the downward
arrow. The control trace A shows that
during vagal stimulation the ventricular
standstill was followed by the onset of an
idioventricular rhythm which accelerated
to a steady value. B, The period of asys-
tole was shorter and the idioventricular
rhythm faster. C , There were several fast
spontaneous beats at the beginning of va-
gal stimulation followedby a shorter pause.
The idioventricular rhythm was overtaken
by ventricular tachycardia . D, The fast
rhythm seen in C was intermingled with
the sinus rhythm and vagal stimulation
abolished the P waves but did not induce
asystole . Paper speed for all traces was
10 mmls . (Reproduced from Vassalle et
al. [3 I] by permission of the American
Heart Association, Inc.)
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diastolic depolarization is decreased, the threshold may never
be attained. One condition that depresses the slope of the
diastolicpotentialis anelevatedextracellular potassiumcon-
centration. As [K]o is increased (as it may be in anoxia,
adrenal insufficiency, diabetic acidosis, shock, renal insuf-
ficiency , severebums, traumaor hypothermia, for example)
the maximal diastolic potential decreases, the slope of di-
astolic depolarization becomes flatter and quiescence fol-
lows (33). In vivo, one of the first events induced by a
slowly increasing plasmapotassiumlevel is a depression of
idioventricular automaticity as revealed during vagal stim-
ulation(34). A high level of potassiumnot only reduces the
pacemaker potential but also, depending on its value (35),
may shift the thresholdto less negative valuesby increasing
the potassiumconductance (33,36) and decreasing the avail-
able fast sodium channel when the resting potential de-
creases (37).
Normally , the sinus node is far more resistant to the
depressive effect of a high potassium level (38) even after
sympathetic blockade (39). In addition, activation of the
dominantpacemakercells in the sinus nodedoes not involve
the fast channel (40). In the subsidiary sinus node pace-
makers, there are a fast and a slow component in the up-
stroke, but the elimination of the fast component by tetro-
dotoxin does not lead to quiescence. Instead, diastolic
depolarization proceeds further to activate the slow channel
so that the upstroke is made up only of the slow component
(41 ). Therefore, in the presence of an agent blocking the
fast channel the sinus node would continue its activity,
whereas the Purkinje fibers may not be able to develop
spontaneous activity because of the different ionic events
responsible for the activation of these two tissues.
A high level of calcium ion [Ca]o has been shown to
slow the spontaneous rate of Purkinjefibers perfusedin vitro
by shifting the threshold to a less negative potential (42)
and to enhance overdrive suppression (30).
Administration of drugs. Other important modifiers of
cardiac automaticity are some drugs used clinically to pre-
vent or treat arrhythmias. The drugs that decrease the ad-
renergic influences (such as beta-receptor blocking agents
Figure6. Effect oftetrodotoxin (TTX) onthe latter
part of diastolic depolarization. The lower part of
the action potential of a canine Purkinje fiber is
shown. The preparation was driven at 18 beats/min,
but at this slow rate spontaneous beats (control)
intermingled with driven beats. During the admin-
istration of tetrodotoxin (5.2 x 10- 6 M, middle
panel) the spontaneous activity ceased and the fiber
followed the drive: notice the marked reduction in
the slope of the late diastolic depolarization. The
right panel shows the recovery. (Recorded byM.
Vassalle and E. E. Scida; reproduced bypermission
from Vassalle et al. [43].)
or catecholamine-depleting agents)belongto thisclass. Dur-
ing sinus node rhythm, the influence of these drugs may be
reflected only in a moderate sinus bradycardia because a
decreased sympathetic effect may be in part compensated
for by a reducedvagaldischarge. However, if completeAV
block develops, the lack or reduction of sympathetic influ-
ences may bring about ventricular standstill due to a de-
creased slope of diastolic depolarization. No compensatory
withdrawal of the vagal discharge is available for the idio-
ventricular pacemakers .
Local anesthetic agents could have similar influences. In
spontaneously firing Purkinje fibers, the latter part of the
slope of diastolic depolarization becomes steeper and this
part can be abolished by tetrodotoxin so that the threshold
is missed (Fig. 6) (43) and the fiber may become quiescent
although still electrically excitable.
Exaggeration of overdrive suppression. An abnor-
mally long ventricular standstill can be the result of an
exaggeration of the normal inhibitory process, namely, ov-
erdrive suppression. This can occur because the overdriven
tissues arediseased,or becauseeither the factorsresponsible
for overdrivesuppression are exaggerated or thoseopposing
overdrive suppression are reduced.
Oneexampleof an abnormal response of a diseasedtissue
is providedby the exaggeratedoverdrivesuppression in sick
sinus node syndrome (32). Overdrive suppression is en-
hanced by increasing the number of beats per unit of time
or by increasing the duration of overdrive. Therefore, the
ventriculararrest that follows the cessationof the activation
of the ventricles will be longer the faster or the longer the
previousventriculardrive (21). The overdrivedoes not need
to be applied electrically but could be due to a fast sinus
rate or to ventricular tachycardia. Also, overdrive suppres-
sion could be introduced by agents that primarily stimulate
the function of the sodium pump. One example is provided
by the transient standstill of pacemakers when [K]o is in-
creased from low values to normal or high values (44,45).
A decrease in the factors that oppose suppression in-
cludes a decrease in adrenergic actions. Thus, it has been
shown that overdrive suppression becomes more pro-
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Figure 7. Effect of vagally induced bradycardia on
the duration of ventricular asystole. The first trace
shows the control record. The average rate of the
sinus impulses transmitted to the ventricles is in-
dicated at the beginning of the trace (77 beats/min).
The duration of the ventricular asystole during vagal
stimulation is indicated by the interval between the
two arrows. In the second trace, graded vagal stim-
ulation decreased the rate of the sinus impulses con-
ducted to the ventricles to 44 beats/min. When max-
imal vagal stimulation was applied, ventricular
asystole was much shorter than in the control. (Re-
produced from Vassalle et al. [19] by permission
of the American Heart Association, Inc.)
nounced in the presence of adrenergic blockade and, instead,
is markedly reduced when the sympathetic nerves are ex-
cited or catecholamines are administered (46,47).
Another important point is that overdrive suppression is
also exaggerated by a reduction in automaticity before the
occurrence of overdrive. For the same level of overdrive,
the suppression becomes greater when the rate preceding
overdrive is less (48). Therefore, substances that depress
idioventricular automaticity may have little effect on the
performance of the heart as long as sinus node rhythm is
present and the Purkinje fibers are involved only in con-
ducting impulses. However, if sudden AV block occurs,
the enhanced suppression will be revealed in the longer
period of ventricular arrest. The substances or conditions
that depress idioventricular automaticity include an increase
in [KJo, alkalosis, anoxia, hypothermia, certain forms of
anesthesia or obstructive jaundice (49). The basis for in-
creased sensitivity to vagal stimulation in hyperpotassemia
(50) probably includes the depression of idioventricular au-
tomaticity due to the high potassium level so that the same
vagal stimulation will cause a longer standstill. The anoxia
may be due to factors that have little direct relation to the
heart, such as the obstruction of airways, anesthesia, defi-
cient exchange in the lungs or tumors obstructing airways.
The suppression of idioventricular automaticity can only
be revealed by the elimination of impulses conducted to the
ventricles from the sinus node. Therefore, cardiac standstill
often involves the excitation of vagal fibers. Reflexes can
be initiated from viscera, the carotid sinus or diagnostic
procedures such as placement of an endotracheal tube (49).
Direct stimulation of the vagus may occur with the manip-
ulation of vagal fibers during a surgical operation.
Acetylcholine effect on adrenergic discharge. We pro-
pose that the vagus acts indirectly by suppressing the sinus
node and other atrial pacemakers or by inducing AV block.
However, under certain conditions (especially when ace-
tylcholine hydrolysis is retarded or prevented), acetylcholine
may act by decreasing the effect of adrenergic discharge.
Thus, when acetylcholine is given simultaneously with no-
repinephine, acetylcholine prevails and suppression of pace-
maker activity follows (51). The same predominance of
acetylcholine can be shown for potassium fluxes (52).
Table 1. Some of the Differences Between Sinoatrial (SA) Node and Purkinje Fibers
SA Node Purkinje Fibers
Upstroke
Overshoot
Max. diast. pot.
Diast. depol.
Rate
Max. symp. stirn.
Max. vagal stirn.
Tetrodotoxin
Mn
Low [Nalo
High [Klo
High [Calo
Overdrive suppr.
Conduction velocity
Ca2 + or Na "
None
= -60 mV
Prominent (= 0.1 VIs)
= 70 beats/min
= 180 beats/min
obeats/min
No effect
Automaticity ceases
Little effect
Little effect
Automaticity increases
None
Low (= 0.05 mls)
Na'
+20, +30 mV
= -90 mV
Slow (= 0.02 VIs)
= 30 beats/min
= 60 beats/min
= 25 beats/min
Automaticity ceases
Little effect
Automaticity decreases
Automaticity ceases
Automaticity decreases
Pronounced
Fast (2 to 3 mls)
Diast. depol. = diastolic depolarization; Max. diast. pot. = maximal diastolic potential; Max. symp. stirn.
= increase in rate with maximal sympathetic stimulation; Max. vagal stirn. = decrease in rate with maximal
vagal stimulation; Mn = manganese administration; Overdrive suppr. = overdrive suppression under normal
circumstances.
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Therefore, the suppression of sympathetic effects could lead
to ventricular arrest during vagal stimulation in those pa-
tients whose idioventricular automaticity depends heavily
on a maintained sympathetic discharge to counteract factors
depressing pacemaker activity. In addition, there are situ-
ations in which the arrest of the ventricles may be due to
failure of the ventricular muscle fibers to respond to auto-
matic discharge, as may happen after prolonged ischemia
due to ventricular fibrillation.
Probability of Vagally Induced Cardiac Standstill
Reflex excitation of the vagus nerve may lead only to
sinus bradycardia and this in itself would tend to eliminate
the suppression that the sinus node exerted on the Purkinje
fibers (Fig. 7). Therefore, when the slowing is not too pro-
nounced or takes place gradually, ventricular standstill may
not occur even if the sinus node eventually stops completely,
so long as idioventricular automaticity is not depressed.
However, sudden cessation of the sinus node rhythm would
immediately remove the initiation of cardiac impulses but
not the mechanism of overdrive suppression and thus lead
to ventricular standstill.
Vagal reflex and reflex inhibition of tonic sympathetic
activity. The possibility that a vagal reflex may cause car-
diac arrest is reinforced if there is a simultaneous reflex
inhibition of tonic sympathetic activity. This may be of
major importance because in this case not only is overdrive
suppression allowed to appear but also in the compensatory
mechanism (namely, a reflex increase in sympathetic dis-
charge due to the decrease in blood pressure) is not brought
into play. Because under certain conditions the afferent va-
gal impulses may inhibit the vasomotor and cardioacceler-
atory centers and excite the cardioinhibitory centers, the
blood pressure is bound to decrease and the degree of cardiac
anoxia to increase. Even if reflex vagal discharge is asso-
ciated with an unaltered or increased sympathetic discharge,
the latter can have little effect if beta-receptor blocking
agents have been given or if the sympathetic fibers in the
heart have been destroyed (4) by ischemia. An alteration of
autonomic function associated with other possible factors
(such as ionic changes, anoxia, pH changes, structural dam-
age and stress of surgical operation) may result in ventricular
standstill which is more prolonged than usual.
Conclusions
Ventricular arrest can be caused by a variety of clinical
conditions. However, certain basic mechanisms seem to be
involved in the genesis of the arrest.
Sinus node versus idioventricular pacemaker func-
tion. One key point is that there are profound differences
between the sinus node and the idioventricular pacemakers
(Table I). In general, the sinus node is more resilient in
function because it can use both sodium and calcium for
activation, is not affected by block of the fast sodium chan-
nel, has a rate range that assures adequate responses, is
usually not overdrive-suppressed, is not sensitive to high
[K]o and is actually accelerated by high [eaJo, The Purkinje
fibers can be activated only through the fast channel and
are, therefore, sensitive to local anesthetic agents and other
antiarrhythmic substances, have a rate range that is barely
sufficient to maintain cardiac output, are usually overdrive-
suppressed, are sensitive to high [Klo and are slowed by
high calcium levels. These differences point to a major
difference in function: pacemaking for the sinus node and
fast conduction of impulses for Purkinje fibers. The Purkinje
fibers can become automatic under abnormal conditions
(complete AV block), but their pacemaker activity is vul-
nerable to those influences that usually keep it in check.
Because of this, the Purkinje fibers may discharge too slowly
to maintain an adequate cardiac output or fail to discharge
altogether if the factors that regulate it (such as ionic con-
centrations, overdrive suppression, temperature and sym-
pathetic discharge) depart from normal. It is the necessity
of keeping the Purkinje fibers' automaticity in abeyance
under normal circumstances that makes this tissue more
likely to fail in its subsidiary function under abnormal
circumstances.
Depression of idioventricular pacemaker activity. In
normal subjects as well as in patients, as long as the sinus
node drives the ventricles, it matters little whether the au-
tomaticity of ventricular pacemakers is decreased or is more
overdrive-suppressed. This is so because in the presence of
sinus rhythm idioventricular automaticity is not brought into
play. However, the situation changes substantially when
atrial pacemaker activity is suppressed or AV conduction is
interrupted. In normal persons, the subsiding of overdrive
suppression during ventricular standstill allows the estab-
lishment of a regular idioventricular rhythm after a few
seconds. In certain patients, instead, the depressed idiov-
entricular automaticity and the consequent exaggeration of
overdrive suppression are manifested by a prolonged ven-
tricular arrest. The mechanism by which the pacemaker
activity is depressed may vary (for example, structural dam-
age, depression by electrolytes, administration of drugs,
anoxia or anesthetic agents), but the result is the same,
namely, a reduced ability to initiate a rhythmic ventricular
discharge. This becomes most critically apparent when the
sudden cessation of activation of the ventricles by the atrial
pacemakers allows the effect of overdrive suppression and
depressed automaticity to become manifest.
References
1. Myerburg RJ, Conde CA, Sung RJ, et al. Clinical, electrophysiologic
and hemodynamic profile of patients resuscitated from prehospital
cardiac arrest. Am J Med 1980;68:568-76.
2. Tans AC, Lie KI, Durrer D. Clinical setting and prognostic signifi-
cance of high degree atrioventricular block in acute inferior myocardial
infarction: a study of 144 patients. Am Heart J 1980;99:4-8.
428 VASSALLE
CARDIAC STANDSTILL
JACC Vol. 5, No.6
June 1985:35B-42IJ
3. Rotman M, Wagner GS, Wallace AG. Bradyarrhythmias in acute
myocardial infarction. Circulation 1972;45:703-22.
4. Rossi L. Pathologic changes in the cardiac conduction and nervous
system in sudden coronary death. In: Greenberg HM, Dwyer EM,
eds. Sudden Coronary Death. New York: New York Academy of
Sciences, 1982:50-68.
5. Vassalle M. Cardiac automaticity. In: Vassalle M, ed. Cardiac Phys-
iology for the Clinician. New York: Academic, 1976:27-59.
6. Vassalle M. Cardiac automaticity and its control. In: Levy MN, Vas-
salle M, eds. Excitation and Neural Control of the Heart. Bethesda,
MD: American Physiological Society, 1982:59-77.
7. Coraboeuf E. Ionic basis of electrical activity in cardiac tissues. In
Ref 6:1-35.
8. Vassalle M. Analysis of cardiac pacemaker potential using a "voltage
clamp" technique. Am J Physiol 1966;210:1335-41.
9. Noble D, Tsien RW. The kinetics and rectifier properties of the slow
potassium current in cardiac Purkinje fibres. J Physiol (London)
1968;195: 185-214.
10. Di Francesco D. A new interpretation of pacemaker current in calf
Purkinje fibres. J Physiol (London) 1981;314:377-93.
II. Hutter OF, Trautwein W. Vagal and sympathetic effects on the pace-
maker fibers in the sinus venosus of the heart. J Gen Physiol
1956;39:715-33.
12. Otsuka VM. Die Wirkung von Adrenalin auf Purkinje-Fasern von
Saugetierherzen, Pfluegers Arch 1958;266:512-7.
13. Vassalle M, Levine MJ, Stuckey JH. On the sympathetic control of
ventricular automaticity. The effects of stellate ganglion stimulation.
Circ Res 1968;23:249-58.
14. Vassalle M, Stuckey JH, Levine MJ. Sympathetic control of ventric-
ular automaticity: role of the adrenal medulla. Am J Physiol
1969;217:930-7.
15. Vassalle M, Knob RE, Lara GA, Stuckey JH. The effect of adrenergic
enhancement on overdrive excitation. J ElectrocardioI1976;9:335-43.
16. Vassalle M, Mugelli A. An oscillatory current in sheep cardiac Pur-
kinje fibers. Circ Res 1981;48:618-31.
17. Valenzuela F, Vassalle M. Overdrive excitation and cellular calcium
load in canine cardiac Purkinje fibers. J Electrocardiol 1985;18:21-
33.
18. Eliakim M, Bellet S, Tawill E, Muller O. Effect of vagal stimulation
and acetylcholine on the ventricle. Studies in dogs with complete
atrioventricular block. Circ Res 1961;9:1372-9.
19. Vassalle M, Caress DL, Siovin AJ, Stuckey JH. On the cause of
ventricular asystole during vagal stimulation. Cire Res 1967;20:227-41.
20. Erlanger J. On the physiology of heart-block in mammals, with es-
pecial reference to the causation of Stokes-Adams disease. J Exp Med
1906;8:8-58.
21. Vassalle M. The relationship among cardiac pacemakers: overdrive
suppression. Circ Res 1977;41:269-77.
22. Linenthal AJ, loll PM, Garabedian FH, Hubert K. Ventricular slowing
and standstill after spontaneous or electrically stimulated runs of rapid
ventricular beats in atrioventricular block (abstr). Circulation
1960;22:781.
23. Chardack WM, Gage AA, Greatbatch W. Correction of complete
heartblock by a self-contained and subcutaneously implanted pace-
maker. J Thorac Cardiovasc Surg 1961;42:814-30.
24. Killip T, Yormak S, Ettinger E, Levitt B, Roberts J. Depression of
ventricular automaticity by electrical stimulation (abstr). Pharmacol-
ogist 1966;8:203.
25. Lange G. Action of driving stimuli from intrinsic and extrinsic sources
on in situ cardiac pacemaker tissues. Circ Res 1965;17:449-59.
26. Cohen CJ, Fozzard HA, Sheu S-S. Increase in intracellular sodium
ion activity during stimulation in mammalian cardiac muscle. Circ
Res 1982;50:651-62.
27. Lado MG, Sheu S-S, Fozzard HA. Changes in intracellular Ca2 +
activity with stimulation in sheep cardiac Purkinje strands. Am J
Physiol 1982;243:HI33-7.
28. Vassalle M. Electrogenic suppression of automaticity in sheep and
dog Purkinje fibers. Circ Res 1970;27:361-77.
29. Gadsby DC, Cranefield PF. Direct measurement of changes in sodium
pump current in canine cardiac Purkinje fibers. Proc Natl Acad Sci
USA 1979;76:1783-7.
30. Musso E, Vassalle M. The role of calcium in overdrive suppression
of canine cardiac Purkinje fibers. Circ Res 1982;51:167-80.
31. Vassalle M, Greenspan K, Hoffman BF. An analysis of arrhythmias
induced by ouabain in intact dogs. Circ Res 1963;13:132-48.
32. Jordon JL, Mandel WJ. Disorders of sinus function. In: Mandel WJ,
ed. Cardiac Arrhythmias, Their Mechanisms, Diagnosis and Man-
agement. Philadelphia: JP Lippincott, 1980:107-44.
33. Vassalle M. Cardiac pacemaker potentials at different extra- and in-
tracellular K concentrations. Am J Physiol 1965;208:770-5.
34. Vassalle M, Greenspan K, Jomain S, Hoffman BF. Effect of potassium
on automaticity and conduction of canine hearts. Am J Physiol
1964;207:334-40.
35. Dominguez G, Fozzard HA. Influence of extracellular K + concentra-
tion on cable properties and excitability of sheep cardiac Purkinje
fibers. Circ Res 1970;26:565-74.
36. Carmeliet EE. Chloride and Potassium Permeability in Cardiac Pur-
kinje Fibres. Brussels: Editions Arscia S.A., 1961:87-96.
37. Weidmann S. The effect of the cardiac membrane potential on the
rapid availability of the sodium-carrying system. J Physiol
1955;127:213-24.
38. De Mello WC, Hoffman BF. Potassium ions and electrical activity of
specialized cardiac fibers. Am J Physiol 1960;199:1125-30.
39. Vassalle M, Greineder JK, Stuckey JH. Role of the sympathetic ner-
vous system in the sinus node resistance to high potassium. Circ Res
1973;32:348-55.
40. Yamagishi S, Sano T. Effect of tetrodotoxin on the pacemaker action
potential of the sinus node. Proc Jpn Acad 1966;42:1194-6.
41. Lipsius SL, Vassalle M. Dual excitatory channels in the sinus node.
J Mol Cell Cardiol 1978;10:753-67.
42. Weidmann S. Effects of calcium ions and local anaesthetics on elec-
trical properties of Purkinje fibres. J Physiol 1955;129:568-82.
43. Vassalle M. The role of the slow inward current in impulse formation.
In: Zipes DP, Bailey JC, Elharrar V, eds. The Slow Inward Current
and Cardiac Arrhythmias. Boston: Martinus Nijhoff, 1980:127-48.
44. Ito S, Surawicz B. Transient, "paradoxical" effects of increasing
extracellular K + concentration on transmembrane potential in canine
cardiac Purkinje fibers. Role of the Na" pump and K + conductance.
Circ Res 1977;41:799-807.
45. Surawicz B, Gettes LS. Two mechanisms of cardiac arrest produced
by potassium. Circ Res 1963;12:415-21.
46. Pliam MB, Krellenstein OJ, Vassalle M, Brooks CMcC. The influence
of norepinephrine, reserpine and propranolol on overdrive suppres-
sion. J Electrocardiol 1975;8:17-24.
47. Pliam MB, Krellenstein DJ, Vassalle M, Brooks CMcC. Influence of
the sympathetic system on the pacemaker suppression which follows
overdrive. Circulation 1973;48:313-21.
48. Krellenstein DL, Pliam MB, Brooks CMcC, Vassalle M. Factors
affecting overdrive suppression of idioventricular pacemakers and as-
sociated potassium shifts. J Electrocardiol 1978;11:3-10.
49. Stephenson HE Jr. Cardiac Arrest and Resuscitation. St. Louis: C.V.
Mosby, 1969:81-99.
50. Hoff HE, Hum 00, Winkler AW. Concentration of potassium in
serum and response to vagal stimulation in the dog. Am J Physiol
1944;142:627-32.
51. Grodner AS, Lahrtz H-G, Pool PE, Braunwald E. Neurotransmitter
control of sinoatrial pacemaker frequency in isolated rat atria and in
intact rabbits. Circ Res 1970;27:867-73.
52. Lipsius SL, Vassalle M. Acetylcholine-norepinephrine interactions on
potassiummovements in the sinus node. Eur J PharmacoI1977;45:35-44.
